Moveout analysis of wide-azimuth reflection data is usually performed for smoothly varying velocity fields. However, velocity lenses in the overburden can cause significant laterally-varying errors in the moveout parameters and distortions in data interpretation. The main goal of this paper is to develop a correction for the influence of an elongated velocity lens on the NMO ellipse and nonhyperbolic reflection moveout. We show that an analytic expression for the NMO ellipse in stratified media with lateral velocity variation, introduced in our previous paper, adequately represents lens-induced distortions. The correction for lateral heterogeneity is controlled by the second derivatives of the interval vertical traveltime. This analytic correction provides a quick estimate of the contribution of velocity lenses and substantially mitigates lens-induced distortions in the effective and interval NMO ellipses. To remove the influence of velocity lenses on nonhyperbolic moveout inversion of wide-azimuth data, we propose a prestack correction algorithm that involves computation of the lensinduced traveltime distortion for each recorded trace. The method is designed for a horizontally-layered overburden but can handle laterally heterogeneous target layers with dipping or curved interfaces. Synthetic tests confirm that this algorithm accurately removes lens-related traveltime shifts and significantly reduces errors in the azimuthally varying moveout parameters. The developed methods should increase the robustness of seismic processing of wide-azimuth surveys, especially those acquired for fracture-characterization purposes.
INTRODUCTION
The NMO ellipse obtained from P-wave conventionalspread data (with the maximum offset-to-depth ratio close to unity) provides valuable information for fracture interpretation and permeability modeling (e.g., Lynn, 2004a,b; Tod et al., 2007; Tsvankin et al., 2010) . The major axis of the NMO ellipse often coincides with the dominant fracture azimuth and the direction of the maximum horizontal stress, while the eccentricity of the ellipse can be related to fracture density (Bakulin et al., 2000a) .
The NMO ellipse can be obtained by a "global" hyperbolic semblance search using all available offsets and azimuths or by a tracecorrelation approach on prestack data (Jenner et al., 2001) . Lynn (2007) shows that dividing data into azimuthal sectors may distort the NMO ellipse because of the bias introduced by irregular sampling in offset and azimuth. To remove the influence of reflector dip, Calvert et al. (2008) developed so-called offset-vector tile binning, which preserves azimuthal information in time-migrated data. Application of azimuthal analysis in the depth-migrated domain is still uncommon, although it is possible to generate azimuthal image gathers after prestack depth migration (e.g., Melo and Sava, 2009; Koren and Ravve, 2011) .
With the advent of long-offset, wide-azimuth acquisition, nonhyperbolic moveout analysis has been extended to multiazimuth data. The azimuthally-varying quartic moveout coefficient in orthorhombic and HTI media is controlled by the anellipticity coefficients η
(1) , η (2) , and η (3) (Pech and Tsvankin, 2004; Vasconcelos and Tsvankin, 2006) , which are sensitive to fracture compliances and orientations (Bakulin et al., 2000b) . Although the kinematics of P-wave propagation in orthorhombic media with a fixed symmetry-plane orientation are controlled by six parameters (Tsvankin, 1997 (Tsvankin, , 2005 , only five of them (the symmetry-plane NMO velocities V (1,2) nmo and η
(1,2,3) ) influence P-wave moveout (Vasconcelos and Tsvankin, 2006; Xu and Tsvankin, 2006) . Vasconcelos and Tsvankin (2006) develop an efficient semblance-based algorithm to estimate the five effective moveout parameters using the generalized Alkhalifah-Tsvankin nonhyperbolic equation. A stable technique to obtain the interval moveout parameters is presented by Wang and Tsvankin (2009) , who implement the velocity-independent layer-stripping method (VILS) of Dewangan and Tsvankin (2006) .
Anisotropic moveout analysis, however, is sensitive to correlated traveltime errors, which may be caused, for example, by near-surface heterogeneity or velocity lenses associated with channels and carbonate reefs (Luo et al., 2007; Jenner, 2009; Takanashi et al., 2009b ). An analytic expression for the NMO ellipse in a horizontal layer with lateral velocity variation, introduced by , shows that the influence of lateral heterogeneity can be described through the curvature of the vertical traveltime surface. Takanashi and Tsvankin (2011) present a general expression for the NMO ellipse in a stratified anisotropic medium with an arbitrary number of laterally heterogeneous (LH) layers and show that the distortion caused by a thin LH layer in the overburden increases with target depth.
2D modeling for layered VTI media by Takanashi and Tsvankin (2010) demonstrates that a velocity lens above the reflector can cause substantial, laterally varying errors in the NMO velocity and the anellipticity parameter η. In the presence of a lens, nonhyperbolic moveout inversion tends to produce even larger errors in Vnmo than does conventional analysis based on the hyperbolic moveout equation.
To correct for the influence of velocity lenses, Jenner (2010) suggests to use 3D tomographic inversion for laterally heterogeneous, azimuthally anisotropic models. Such an approach, however, is not only time-consuming but relies on accurate estimates of the overburden parameters. A 2D correction algorithm introduced by Takanashi and Tsvankin (2010) requires less a priori information, provided the lens is embedded in a horizontally layered overburden. Their algorithm computes lens-induced traveltime distortions for each trace separately using VILS.
Here, we study the influence of an elongated velocity lens on the NMO ellipse using the equation introduced by Takanashi and Tsvankin (2011) for LH layers with a smooth velocity field. We show that the laterally- Figure 1 . Schematic picture of near-and far-offset raypaths from a horizontal reflector beneath (a) a high-velocity lens and (b) a horst structure where the top layer has a lower velocity (modified from Biondi, 2006, and . (c) The influence of the lens or horst structure on the moveout curves. The raypaths and moveout curves at locations A, B and C are shown by dotted, solid, and dashed lines, respectively.
varying lens-induced distortion in the effective NMO ellipse can be modeled using the best-fit curvature of the zero-offset traveltime surface. Correcting the effective NMO ellipses from the top and bottom of a layer before applying the generalized Dix equation substantially reduces errors in the interval NMO ellipse. To remove lens-induced distortions in the moveout parameters estimated from nonhyperbolic inversion, we extend the correction algorithm of Takanashi and Tsvankin (2010) to wide-azimuth data. Synthetic tests demonstrate that this 3D algorithm effectively restores the traveltime surface in the reference (laterally homogeneous) medium and substantially reduces errors in the azimuthally varying interval parameters Vnmo and η.
DISTORTION OF THE NMO ELLIPSE CAUSED BY AN ELONGATED VELOCITY LENS
First, we review the influence of a high-velocity lens on the NMO velocity for a 2D model (Figure 1 ). The lens is located at the middle of the model and the effective spreadlength L is larger than the lens width. At the center of the lens (location B), the NMO velocity is significantly reduced compared to that for the background medium (location A) because of a larger traveltime difference between the near-and far-offset traces. At the side of the lens (location C), Vnmo is greater than the background value. A similar distortion in Vnmo can also be induced by a horst structure when the overburden has a lower velocity (Figure 1b) . The 2D analysis helps understand the influence of a velocity lens on the NMO ellipse. We consider a 3D model containing an elongated high-velocity lens embedded in a homogeneous background layer (Figure 2 ). The velocity model and raypaths in the vertical plane perpendicular to the lens coincide with those in Figure  1a . The estimated Vnmo perpendicular to the lens at location B is smaller than the background value. The NMO velocity parallel to the lens represents the correct effective Vnmo (provided the lens is longer than the effective spreadlength), which is slightly higher than the velocity in the background. Therefore, the NMO ellipse at point B is extended in the direction parallel to the lens. Near the edge of the lens (location C), the NMO velocity measured perpendicular to the lens is greater than Vnmo in the background.
Therefore, if the background is isotropic, the major axis of the NMO ellipse is parallel to the highvelocity lens at location B and perpendicular to it at location C (Figure 2a) . If the background is azimuthally anisotropic with the high-velocity direction perpendicular to the lens, the NMO ellipse becomes closer to a circle at location B and more elongated at location C (Figure 2b) . The spatially varying NMO ellipses in Figure  2b resemble those observed on field data by Takanashi et al. (2009b) , who attributed the NMO-velocity distortions to the presence of a high-velocity lens.
ESTIMATION OF THE LENS-INDUCED DISTORTION IN NMO ELLIPSES
Here, we explore the possibility of evaluating the lensinduced distortion in NMO ellipses for horizontallylayered models using the analytic expression of Takanashi and Tsvankin (2011) . Their equation accurately describes the NMO ellipses for a layered azimuthally anisotropic medium with weak and smooth lateral velocity variation (Takanashi and Tsvankin, 2011) . For three anisotropic layers with lateral heterogeneity confined to the middle layer, the NMO ellipse for the reflection from the bottom of the model can be represented as (Takanashi and Tsvankin, 2011 )
where y = (y1, y2) is the horizontal coordinate, W het ij is the symmetric 2 × 2 matrix that represents the effective NMO ellipse, W hom ij is the reference NMO ellipse for the laterally homogeneous medium with the parameters corresponding to the CMP location, τ0 is the one-way vertical traveltime from the bottom of the model, and τ02 is the interval vertical traveltime in the second layer. The coefficients D, k and l can be obtained from the vertical traveltimes τ0i (i = 1, 2, 3) and circular (isotropic) approximations V (i) cir for the NMO ellipses in each layer. If the velocity variation is weak, k and l are close to the relative thicknesses of the second and third layer, respectively. The influence of the depth and thickness of the LH layer on the NMO ellipse is discussed in Takanashi and Tsvankin (2011) .
Here, we apply equation 1 to correct for the influence of an elongated velocity lens embedded in horizontally layered media. Accurate estimation of the second traveltime derivatives in equation 1 generally requires spatial smoothing . The finite-spread moveout velocity is primarily governed by the lateral variation of the interval vertical traveltime over the area corresponding to the effective spreadlength L (α) (α is the azimuth).
Ignoring ray bending, L (α) can be found as
where L(α) is the spreadlength, z is the reflection depth, and z is the depth of the lens. L (α) can be accurately estimated by VILS without knowledge of the medium parameters (see below). The lateral variation of τ02 over L (α) can be approximated by the quadratic equation:
and the second derivatives of τ02 then become
The best-fit curvature (i.e., the coefficients d, e, and f ) obtained from equation 6 can vary with spreadlength;
Figure 2. Plan view of NMO ellipses at three locations for a homogeneous layer with an embedded high-velocity elongated lens (shaded). The velocity model and raypaths in the vertical plane perpendicular to the lens are the same as in Figure 1a . The lens is embedded in (a) an isotropic background and (b) an azimuthally anisotropic background with the higher-velocity direction perpendicular to the major axis of the lens. The dashed circles mark the background NMO ellipses at location A outside the lens.
a larger spreadlength generally reduces the curvature. Since L (α) increases with target depth (Takanashi and Tsvankin, 2010) , the estimated curvature is also depthdependent. The parameters d, e and f , combined with τ0 and D, are sufficient to compute the correction term in equation 1 at a given CMP location. The synthetic test below confirms that this method can accurately appproximate the traveltime curvature caused by a lens with a width smaller than L . If the lens is centered at the CMP location, the curvature is substantial for the ratio w/L (w is the width of the lens) ranging between 0.3 and 0.7, which is consistent with 2D numerical results in Takanashi and Tsvankin (2010) . Note that equation 1 was extended by Takanashi and Tsvankin (2011) to an arbitrary number of layers with velocity lenses.
Example
Next, we present a synthetic example for a multilayered isotropic model that contains a high-velocity elongated lens in the second layer ( Figure 3 ). The lens-induced vertical-traveltime distortion reaches 20 ms. Using equations 1-7, we analyze the influence of the lens on the effective and interval NMO ellipses. First, we need to estimate the curvature of the interval vertical traveltime τ02. The best-fit surface of τ02, obtained from equation 6 for the area of the effective spread L , has a positive curvature (in the direction perpendicular to the lens axis) at the center of the lens and a negative curvature outside it. When the horizontal distance between the lens and the CMP location is larger than half the effective spreadlength, the curvature goes to zero.
In agreement with Figure 2a , the matrix W het ij computed from equations 1-7 shows that the major axis of the effective NMO ellipses for both interfaces is parallel to the lens axis at the center of the lens and perpendicular to it outside the lens (Figure 4 ). The larger distortion for interface 4 is due to an increase in τ0 and the coefficient D with depth (equation 1).
Although the target interval is isotropic and located far below the thin LH layer, applying Dix-type differentiation without correcting for the influence of the lens amplifies the false elongation of the effective NMO ellipses (Figure 4c ). The false eccentricity of the interval NMO ellipse reaches 10%, which exceeds a typical azimuthal variation of Vnmo (e.g., . Table 1 compares the analytic NMO ellipses computed from equation 1 with the ellipses reconstructed from synthetic data generated with a 2D finitedifference algorithm (the code is part of the Madagascar open-source software package). Since lateral heterogeneity and azimuthal anisotropy for all models in this paper are moderate, reflection traveltimes on prestack data are well-approximated by those computed by the 2D algorithm. This was confirmed by comparing shot gathers produced by 2D and 3D modeling. The ellipses from the synthetic data are obtained using the global semblance search developed by . The errors in the eccentricity of the NMO ellipse do not exceed 1% for both interfaces (3 and 4). Therefore, equation 1 gives an accurate description of NMO ellipses in a layered isotropic medium with a thin elongated lens.
HTI model
Next, we estimate the effective and interval NMO ellipses for a layered HTI (transversely isotropic with a horizontal symmetry axis) model (Table 2) . HTI can be considered as a special case of the more general orthorhombic medium with a horizontal symmetry plane. The azimuthal variation of the P-wave NMO veloc- Finite-difference (%) 4.9 1.6 7.0 3.4 Table 2 . Relevant parameters of the HTI model used in section 4.2. The vertical velocity V 0 is the same as in Figure  3 . The symmetry axis makes the angle ϕ with the axis x 1 .
ity in a horizontal orthorhombic layer is described by (Tsvankin, 1997 (Tsvankin, , 2005 :
where ϕ is the azimuth of the symmetry plane [x1, x3], V
(1,2) nmo are the symmetry-plane NMO velocities, and δ (1,2) are the anisotropy parameters introduced by Tsvankin (1997) . For an HTI layer with the symmetry axis x1, the coefficient δ (1) = 0, and the NMO ellipse is determined by the parameters V0, ϕ, and δ The effective NMO ellipses computed from equation 1 are close to circles at the center of the lens because the influence of azimuthal anisotropy is compensated by the lens-induced distortion ( Figure 5 ). Substantial effective and interval ellipticities are observed at the side of the lens where LH further stretches the NMO ellipse for the reference homogeneous model. As is the case for isotropic media, the LH-induced distortion is amplified in the interval NMO ellipses (Figure 5c ).
An accurate reconstruction of the interval NMO ellipse using the generalized Dix equation of requires correcting for the influence of LH on the effective NMO ellipses (Takanashi and Tsvankin, 2011) . Next, we reconstruct the interval NMO ellipses in layer 4 using finite-difference synthetic data. To remove the LH-induced distortion in the effective NMO ellipses, we estimate the coefficient D in equation 1 from the zerooffset traveltime τ0 and the best-fit azimuthally invariant NMO velocity for each layer. Because the model is horizontally layered, the zero-offset time distortion ∆τ0 can be accurately recovered from the pull-up anomaly on the near-offset stacked section. The second derivatives of the interval vertical traveltime are then obtained from the best-fit surface τ02 over the area limited by the effective spreadlength using equations 6 and 7.
The interval NMO ellipse estimated directly from the data is strongly distorted both at the center and outside the lens (Table 3 ). The eccentricity is understated at the center of the lens and overstated outside, and the major axis of the ellipse at the center of the lens is even rotated by 90
• from the actual direction. After the correction for model 1, the major axis has the correct orientation and the error in the eccentricity is less than 1%. Furthermore, the analytic correction accurately reconstructs the background NMO ellipse for a medium (model 2) with stronger azimuthal anisotropy; the error in the eccentricity at the center of the lens decreases after the correction from 11% to 2%.
Although the analytic approach presented above cannot be used to correct prestack traveltime and increase the stack power, it helps quickly evaluate the influence of velocity lenses on the NMO ellipse and estimate the background NMO ellipticity.
LENS CORRECTION FOR NONHYPERBOLIC MOVEOUT INVERSION OF WIDE-AZIMUTH DATA
For a horizontal orthorhombic layer with a horizontal symmetry plane, long-spread reflection moveout is governed by parameters Vnmo(α) and η(α), which can be obtained from nonhyperbolic moveout inversion based on the generalized Alkhalifah-Tsvankin (1995) equation (Vasconcelos and Tsvankin, 2006) :
where t is the P-wave traveltime as a function of the offset x and azimuth α, and t0 is the zero-offset time. The azimuthally varying NMO velocity is given by equation 8 while the azimuthally varying parameter η(α) can be found from (Pech and Tsvankin, 2004) 
the parameters η (1,2,3) are defined in the symmetry planes.
Equation 10 remains sufficiently accurate for laterally homogeneous layered media with the following effective parameters (Tsvankin, 2005) : Actual (%) 7.5 7.5 18 18 Table 3 . Estimated eccentricity of the interval NMO ellipses in layer 4 of a four-layer HTI medium. The ellipses are obtained by Dix-type differentiation before and after correcting for lateral heterogeneity. The parameters of Model 1 are listed in Table  2 (see also Figure 5 ), while for Model 2 the parameter δ (V ) in layer 4 was changed to − 0.15.
where matrix W describes the effective NMO ellipse Vnmo(α), Wi is the interval NMO ellipse in layer i, and t
nmo(α), and η (i) (α) are the interval parameters. The principal directions for the effective parameter η (α) in equation 11 are described by a separate azimuth ϕ1 (rather than ϕ) if the vertical symmetry planes in different layers are misaligned (Xu and Tsvankin, 2006) .
Correction algorithm
We propose to remove the influence of lenses on longoffset reflection traveltime by extending the correction algorithm of Takanashi and Tsvankin (2010) to 3D wideazimuth data. Eliminating the traveltime distortions on each recorded trace ensures accurate estimation of the moveout parameters in equations 10-13. This extension is based on the 3D version of VILS employed by Wang and Tsvankin (2009) for purposes of interval nonhyperbolic moveout inversion in laterally homogeneous media. As is the case for the 2D algorithm, the lens should be embedded in a horizontally layered overburden, but the target layer can be heterogeneous with dipping or curved reflectors.
Under the assumption that the raypath perturbation caused by the lens is negligible, VILS estimates the horizontal coordinates x T 1 , x R1 and x R2 , x T 2 by matching the time slopes of the reflections from the target and from the top and bottom of the layer containing the lens (Figure 6a ).
Ignoring the ray bending in the layer containing the lens, we can find the horizontal coordinates of the crossing points and the ray angles (Figures 6a,b ): Using the values of z RL and z, we can compute the horizontal location of the crossing point (x RL ) and the ray angle (θ RL ) with the vertical.
where z is the thickness of the layer with the lens, and z T L and z RL are the distances between the lens and the top of the layer at locations x T L and x RL , respectively. Assuming that z T L /z and z RL /z are known, the total lens-induced traveltime shift from the reflection from the target ∆tta can be computed as
where ∆t0(x T L ) and ∆t0(x RL ) are the zero-offset time distortions below the lens at locations x T L and x RL , respectively. After the correction, the reflection traveltimes should be close to those in the background model and well-described by equation 10. The interval values of V (1,2) nmo and η (1, 2, 3) can be computed following the algorithm of Wang and Tsvankin (2009) using the layerstripped data corrected for the lens-induced time shifts. The removal of the time distortions should also improve stacking of wide-azimuth data.
The horizontal coordinates x T L and x RL for the longest-offset raypath for each azimuth delineate the Table 4 . Anisotropy parameters of a layered orthorhombic model with an isotropic velocity lens in layer 2. The vertical velocity V 0 is the same as in Figure 3 . area corresponding to the effective spreadlength L (α). That area is used to find the second traveltime derivatives needed in the analytic approach discussed above.
Synthetic tests
The correction algorithm was tested on the layered model from Table 4 that includes a lens embedded in a three-layer orthorhombic medium. The moveout parameters V
(1,2) nmo , η (1, 2, 3) , and ϕ were estimated at the center and side of the lens from finitedifference synthetic data. The required input quantities for the lens correction are ∆t0 and the horizontal coordinates x T L and x RL for each reflected ray. The spatially varying values ∆t0 were obtained from the pullup anomaly measured from the near-offset stacked data (Figure 7) . The spatial extent of the LH layer can be identified by the high-amplitude anomaly at its top. The pull-up anomaly is observed for all reflectors below 1.3 s, which indicates the depth of the LH layer. The agree- ment of the spatial extent of the amplitude and zerooffset time anomalies can be used to identify an LH layer on field data (Armstrong et al., 2001; Takanashi et al., 2008 Takanashi et al., , 2009a . The ratio z /z for the layer containing the lens is not required for estimating the coordinates x T L and x RL because the lens in this model is sufficiently close to the bottom of layer 1. Thus, x T L ≈ x T 1 and x RL ≈ x R1 can be obtained by matching the time slopes of the target reflection and the reflection from the bottom of layer 1.
The gather uncorrected for LH contains azimuthally-varying residual moveout, which could not be removed by nonhyperbolic moveout correction with equation 10 (Figure 8a ). Application of traveltime shifts substantially reduces the residual moveout and makes it possible to produce a high-quality stack.
Next, the interval parameters V
(1,2) nmo and η (1,2,3) for layer 4 are estimated using the layer-stripped prestack data, as suggested by Wang and Tsvankin (2009) . Although VILS is weakly sensitive to small correlated errors in traveltimes (Wang and Tsvankin, 2009) , the errors in V (1) nmo and η (1) before the lens correction reach 25% and 0.49, respectively. After the correction, the distortion is reduced to 1% for V (1,2) nmo and less than 0.03 for η (1,2,3) ( Table 5) . As shown by Takanashi and Tsvankin (2010) for 2D models, errors up to 20% in the input parameters ∆t0 and z do not significantly impair the correction results.
DISCUSSION AND CONCLUSIONS
Moveout analysis of wide-azimuth data is usually performed under the assumption that the overburden is laterally homogeneous on the scale of spreadlength. We demonstrated that an elongated velocity lens may causes significant, laterally-varying distortions in the NMO ellipse. To correct for influence of velocity lenses, we use an analytic expression for the NMO ellipse in a horizontally layered medium with laterally varying velocity. That equation, derived in a companion paper, represents the distortion caused by lateral heterogeneity through the interval vertical traveltimes, average NMO velocities for each layer, and the second lateral derivatives of the vertical traveltime in the LH layers. While this formalism is sufficiantly accurate for models with a smoothly varying velocity field, it is not directly designed for velocity lenses.
To adequately describe lens-induced distortions, we compute the second lateral traveltime derivatives by approximating the zero-offset traveltime with a quadratic function over the area corresponding to the effective spreadlength (i.e., to the maximum distance between the incident and reflected rays at lens depth). Numerical testing for isotropic and HTI media confirms that our technique accurately removes the laterally-varying lens-induced distortion in the effective NMO ellipses. Consequently, generalized Dix differentiation produces a close approximation for the interval NMO ellipse in the reference homogeneous model.
To correct long-offset, multiazimuth prestack data for lens-induced time shifts, we developed an algorithm based on 3D velocity-independent layer stripping (VILS). The correction requires estimates of the lensrelated zero-offset time distortion ∆t0, the thickness of the layer containing the lens, and the distance between the lens and the nearest layer boundary. The method was successfully tested on synthetic data generated with a finite-difference algorithm for layered orthorhombic media. Application of prestack traveltime shifts substantially reduces the errors in the effective and interval moveout parameters V (1,2) nmo and η (1, 2, 3) and ensures a high quality of stack for a wide range of offsets and azimuths.
Since fractured reservoirs are often overlain by velocity lenses embedded in a gently-dipping overburden, the developed methodology should be highly benefi- nmo , ϕ and η (1,2,3) in layer 4 from the model in Table 4 before and after applying the time shifts (equation 18).
cial in fracture-detection projects. Our correction algorithms should also help build more accurate velocity models for imaging of wide-azimuth offshore data.
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